Pathogenicities of 10 temperature-sensitive mutants of Venezuelan encephalitis virus were studied using the hamster model of human virulence. The were classified RNA'. Each ts mutant was used after two sequential clonings in CEC at PT and one or two further passages in fluid cultures of CEC at PT for amplification. Virus suspensions were fluids from CEC prepared as previously described (12). They were mixed with equal volumes of 1% bovine albumin in Hanks solution at pH 8.0 before storage at -60'C. Virus was assayed by counting plaques in 8-cm2 sheets of CEC maintained under agar medium for 3 days (14) . Cultures held at 39 to 400C were placed in a waterjacketed incubator, for 30 to 320C incubation a conventional incubator was used.
Pathogenicities of 10 temperature-sensitive mutants of Venezuelan encephalitis virus were studied using the hamster model of human virulence. The parental strain and nine of the temperature-sensitive mutants produced lethal infections in hamsters. Strain ts 126 showed reduced hamster virulence. Deaths with the lethal mutants usually occurred 1 to 3 days later than with parental virus. Nine mutants produced lower levels of viremia than parental virus. Attenuation of ts 126 was related to restriction of viral growth in spleen and probably bone marrow and to absence of the usual pathological lesions in hemopoietic tissues and brain, but was functionally unrelated to temperature sensitivity since temperatures of both normal and infected hamsters remained within the permissive range of the mutant. Deaths did not correlate with titers of the 10 mutants in blood at permissive temperatures or with reversions of four temperature-sensitive mutants to non-temperature-sensitive virus in hamsters.
Virulence and pathogenicity of Venezuelan encephalitis (VE) virus strains have been studied in hamsters as a model system (1, 6, 9, 10, 22) . Numerous naturally occurring strains are virulent for hamsters inoculated subcutaneously (s.c.), but only three benign strains have been available for study, two isolated from nature and one selected by repeated passages in cell cultures (2, 16) . In an attempt to find benign strains closely related genetically to virulent strains, 10 temperature-sensitive (ts) mutants were isolated after treatment of a non-ts strain of VE virus with N-methyl-N'-nitro-N-nitrosoguanidine (B. A. Pancake, Z. P. Harsanyi, M. E. Wiebe, E. Emini, and W. F. Scherer, manuscript in preparation). These ts mutants were selected to produce plaques at permissive temperatures (PT) of 30 to 320C but not at nonpermissive temperatures (NPT) of 39 to 400C. To study pathogenicities of these mutants in vivo, hamsters were inoculated subcutaneously, intracardially, or intracranially and observed for illness, death, viremia, virus in tissues, histopathology, antibody development, and reversion of mutants to parental non-ts virus.
MATERIALS AND METHODS VE viruses. Parental strain 68U201 was isolated from a sentinel hamster exposed at La Avellana on the Pacific coast of Guatemala in August 1968 (13 5 and one on day 12), and with another mutant (ts 151), five of eight hamsters died (four on day 5 and one on day 15). Additional hamsters died after inoculation of 0. 8, 8, 80 , and 800 PFU of ts 151 ('/A, 2/3, 4, and 3/3, respectively). The hamster that survived with ts 4 and three survivors with ts 151 were infected, because they had detectable virus in blood on days 1 and 2 after inoculation. In the tables and text below, these nine ts mutants will be referred to as lethal, recognizing that, in some instances, revertant virus (discussed subsequently in the 40 ,000 and 2,000,000 PFU each infected six of six hamsters inoculated s.c., but only one died (with 2,000,000 PFU). In contrast, 6 and 63 PFU of parental strain 68U201 killed three of three and four of four hamsters, respectively.
When ts 126 was inoculated intracardially in a large dose (8,000,000 PFU) into hamsters weighing 130 to 140 g, only one of six died (on day 2), and another became ill on day 3 and was sacrificed on day 5. Virus recovered from heart and brain tissues of both hamsters was ts. Rapid clearance of ts 126 virus did not occur in blood of the sick hamster or of two survivors; concentrations of virus in blood of each of these three hamsters at 70 min after intracardial inoculation After intracranial inoculation of ts 126 into hamsters 8 weeks of age, three of seven died on days 4, 9, and 12 at a dose of 20,000,000 PFU, three of eight on days 4, 12, and 13 at a dose of 160,000 PFU, and zero of eight with a dose of 200 PFU. However, there were no histopathological lesions in hemopoietic or-brain tissues of two hamsters examined after deaths on days 4 and 9 with a dose of 20,000,000 PFU; spleens, bone marrows, and cerebrums were normal, and Peyer's patch and thymus available from one hamster, and lung from the other, were normal. Revertants to non-ts virus were s2.5% of the total virus in brains of these two hamsters and of the one dying 4 days after 160,000 PFU. Thus, deaths of these hamsters remain unexplained. (Table 1) .
In previous studies of other strains of VE virus in hamsters, viremia titers were usually as high or higher than virus titers in tissues until day 3 or 4 after inoculation, after which viremia titers usually began to decrease and titers of virus in host tissues were sometimes higher than in blood (10) . Therefore, to distinguish between replication of ts 126 in tissues and mere contamination of tissues with virus in blood, virus concentrations were measured in tissues and blood on days 3 to 5 after inoculation, i.e., after the period of initial viremia produced by this mutant on days 1 and 2 (Table 1) . Infectious ts 126 virus was detectable in blood of only one of eight hamsters on day 3 and in none of three on days 4 and 5 (Fig. 1) . Titers of virus in Peyer's patches and adjacent ileum were significantly higher than in blood on days 3 to 5, as were titers in brain and kidney on days 3 and 4 ( Fig. 1) Lethal ts 4 was tested as a positive control in case no replication of ts 126 in tissues had been found. Viremia titers with ts 4 were too high on day 3 to permit evaluations of virus titers in tissues. However, on day 4 after inoculation, virus titers were higher in Peyer's patches and adjacent ileum, spleen, bone marrow, brain, and kidney than in blood and were similar to or below blood levels in liver and skeletal muscle (Fig. 1) . These patterns of replication in tissues were like those seen with other hamster-lethal strains of VE virus (1, 6, 10) . In this experiment, reversions of ts mutant 4 occurred; virus titers of bloods from each of six hamsters on day 3 and two on day 4 were as high at NPT as at PT.
Reversion of VE ts mutants to non-ts virus in hamsters. To assess further the frequency of reversion of VE ts mutants during growth in hamsters, blood samples 2 days after inoculation of each of the 10 ts mutants were titrated at PT and NPT. Reversions to non-ts virus did not occur uniformly, and deaths of hamsters did not always correlate with reversions ( Table 2 ). For example, in this experiment with ts mutant 4, only one of six hamsters that died had revertant, non-ts virus in blood on day 2; similarly, with ts mutants 121, 151, and 126 and possibly 40 and 238, some hamsters that died had no detectable revertant virus in blood ( Table 2 ). The reverse also occurred, i.e., hamsters survived but had revertant virus in blood (one hamster with ts mutant 4 and one with ts mutant 126) ( Table 2) . Thus in these experiments there were 41 deaths, but only 23 deaths with reversions. There were also two reversions among 27 survivors.
Revertant, non-ts virus was detected also in hamster tissues, though less frequently than in blood (Table 3) . It was found more commonly and in more tissues of hamsters infected with lethal ts 121 than with attenuated ts 126. in hamsters are located in hemopoietic tissues and brain and have been extensively described (1, 9) . Therefore, histopathological studies of VE ts mutants were limited to the attenuated and one lethal ts virus.
Two hamsters sacrificed at 3 days and two sacrificed at 7 days after s.c. inoculation of 80 PFU of attenuated ts 126 were shown to be infected; concentrations of virus in blood on day 2 were 104 to 106.4 PFU/ml. Yet bone marrow, spleen, brain, kidney, liver, jejunum, ileum, and skeletal muscle tissues were normal microscopically. One Peyer's patch examined from one hamster sacrificed on day 7 was also normal.
Two hamsters sacrificed 3 days after s.c. inoculation of 120 PFU of lethal ts 151 showed no lesions in marrow, spleen, and kidney; liver, skeletal muscle, and pancreas were normal in one animal. Brains had slight increases in nuclei associated with vessel walls, but no hemorrhages or neuronal damage. These two hamsters had viremias of 1052 PFU/ml on day 2 after s.c. inoculation.
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of >102`/ml of blood; absence of revertants, titers of <10'-4/ml. Titers of virus in blood of these hamsters at PT are summarized in Table 1. that of residual input virus ( aLogo CEC PFU/ml when assayed at 30°C. All values were <1.7 when assayed at 400C. strains in hamsters are not fully understood, but the in vivo data presented here offer interesting insights. Attenuation of VE mutant ts 126 for hamsters was related to restriction of viral growth in spleen and probably bone marrow, although not in Peyer's patches or brain, and to lack of pathological lesions in the usual target hemopoietic and brain tissues (1, 9) . The restriction of ts 126 growth in spleen and probably bone marrow was shown by comparison with a virulent mutant, ts 4. On day 4 after inoculation, ts 4 titers were 10-to 100-fold higher in spleen and bone marrow than in blood, whereas ts 126 titers were less than 10-fold higher in spleen and less than 100-fold higher in marrow than in blood. Unfortunately the small quantities of marrow that could be obtained prevented virus testing at lower dilutions. Tissues without evidence of virus growth (i.e., ts 4 concentrations less than blood on days 3 and 4 after inoculation) were liver and skeletal muscle. (18) . With dengue 2 virus, the relationship between temperature sensitivity and virulence in vivo is complicated and has not been completely defined (19, 20) . Attenuation of the encephalitogenic potential of ts mutants of measles virus seems related to partial defectiveness under permissive conditions rather than a temperatureinduced inhibition of virus replication (8) .
Attenuated VE mutant ts 126 could be either a single or a double mutant. Since ts mutants are generally base pair substitutions leading to changes in amino acids of proteins, it is conceivable that one genetic lesion and a resultant protein change could make virus lose its ability to bind to cells of a tissue such as bone marrow whose destruction is an integral part of the lethal process of parental virus. Alternatively, since Nmethyl-N'-nitro-N-nitrosoguanidine often induces multiple mutation in closely linked genes (7) , it is possible that temperature sensitivity and attenuation were generated in ts 126 as separate genetic lesions. The growth patterns in hamster tissues of lethal VE ts mutant 4 were as expected from previous studies of other strains of VE virus (1, 6, 10) . Hemopoietic tissues and brain were major sites of viral replication. However, for the first time kidney was shown to be a site of VE viral replication, whereas liver and skeletal muscle clearly did not show evidence of virus growth.
